Abstract: Pb diffusion on clean Si(111), (100) and (110) surfaces was studied by Auger electron spectroscopy and low energy electron diffraction in the temperature range from 100 to 300 o C. It is shown that lead transport along silicon surfaces takes place via the mechanism of solid-phase spreading with a sharp moving boundary. The temperature dependence of the Pb diffusion coefficients on Si (111), (100) and (110) 
Introduction
Surface diffusion plays an important role in atomic processes on the surfaces of solids. In our previous works we observed that transport of atoms of different elements along a crystal surface can occur through various mechanisms (see, for example, Refs. [1] [2] [3] ). In this paper we present experimental data on Pb diffusion on clean Si(111), (100) and (110) surfaces. The Pb/Si system is of great interest because of its nonreactive nature [4] . Pb and Si do not form any stable silicides and the solubility of Pb in Si is virtually zero. Thus the Pb/Si system ought to provide a relatively simple interface to study Pb surface diffusion, metal layer growth and Schottky barrier formation. Some information on the diffusion of Pb atoms on the Si(111)-7×7 surface could be found in the literature. The results of a study of Pb surface diffusion on a clean Si(111) surface by scanning tunneling microscopy (STM) are presented in Ref. [5] . The authors have managed to observe diffusion of particular Pb atoms and to measure the diffusion coefficient of Pb atoms on the Si(111)-7×7 surface structure at ultra-low coverage Θ P b . According to their data the Pb diffusion coefficient is about 10 −17 cm 2 /s at temperatures close to room temperature (RT ) and the activation energy of the diffusion is 0.56 eV. Other authors obtained a value of 0.64 eV for the activation energy of Pb diffusion on the Si(111)-7×7 surface [6] . Recently the layer-by-layer growth of Pb on Si(111) at liquid helium temperature and the formation of uniform seven-step height Pb islands at T = 185 o K were observed by spot profile analysing low energy electron diffraction (SPA-LEED) [7, 8] . These facts suggest considerable mobility of Pb atoms on silicon surface at low temperature. The authors of Ref. [9] also drew the conclusion that the high mobility of Pb atoms on the Si(100) surface is because all Pb induced surface structures appeared at room temperature. Moreover, after the appearance of the Si(100)-c(4×4)-Pb surface structure Pb islands formed. The authors concluded that mobility of Pb atoms on the Si(100)-c(4×4)-Pb surface must be relatively high, because the mean distance among lead islands is large. However detailed quantitative information concerning Pb diffusion at Si surfaces is missing.
The aim of the present work was to study the mechanism of Pb diffusion on Si surfaces, to measure the diffusion coefficients as a function of temperature and to investigate the influence of Pb induced surface structures on diffusion process.
Experimental
The experiments were carried out with p-type silicon samples of (111), (100) and (110) orientations with a resistivity of 5-10 Ohm·cm and dimensions of 22×5×0.3 mm 3 . Clean surfaces were prepared at a pressure of (1-2)×10 −10 Torr by degassing the samples at 600 o C followed by a short flash at 1250 o C. The samples were heated by alternating current to avoid the effects of Pb atoms electromigration on the diffusion coefficients. The temperature T of a sample was controlled by an optical disappearing-filament pyrometer. In the range from RT to 300 o C we used a thermocouple to control temperature. A lead strip with a sharp boundary deposited on a clean silicon surface was used as a source of Pb atoms. The thickness of the strip was about 60 monolayers (ML). Pb was evaporated from a tantalum crucible heated by electric current. The concentration of impurities in Pb was less than 10 −2 %. The thickness of a Pb strip was defined by the rate of Pb flux and the deposition time. We calibrated the rate of Pb flux using the break in the dependence of the Auger signal of Pb versus lead coverage on Si(100) obtained at room temperature as a reference point [10] . It is known that the break in the dependence is due to the Stranski-Krastanov growth mode of Pb on Si(100) at room temperature [10, 11] . The Pb deposition rate was about 2 ML/min.
The surface composition was determined by Auger electron spectroscopy (AES) using Auger Pb NOO (249 eV) and Si KLL (1619 eV) electron peaks. Pb concentration in atomic percents was evaluated using a model of uniformly distributed Pb sub-monolayers on a Si substrate [12] and the sensitivity factors from Ref. [13] .
The surface structure was controlled by LEED. The detection limit of the Auger spectrometer (ASC-2000, Riber) was about 5% ML of Pb. The diameter of the primary electron beam in the Auger spectrometer was about 30 µm and that in the LEED system was about 0.8 mm. The energy of the primary electron beam in AES was 3 keV at a current of about 1 µA.
Results
The diffusion coefficients of Pb atoms on silicon surfaces were measured in the temperature range of 100-300 o C. At temperatures higher than 300 o C the evaporation of lead from the silicon surface became appreciable [14] . Studies at temperatures below 100 o C were not carried out because it required a long time to cool a sample to such temperatures after the cleaning procedure. During sample cooling the surface adsorbs impurities from the residual atmosphere. The Pb surface diffusion depends greatly on the amount of impurities on the silicon surface. Sample exposure in the vacuum chamber at the pressure of 5×10 −10 Torr for 5 hours makes further Pb diffusion impossible. AES spectra show the appearance of adsorbed oxygen which can be responsible for the inhibition of Pb diffusion. If a surface area just in front of the Pb concentration distribution is irradiated by AES electron beam, the Pb diffusion recommences. Apparently this is due to oxygen desorption from the Si surface.
In our experiments Auger peaks of Pb on the silicon surface could be detected during sample annealing, i.e. during the diffusion process. It is known that Pb solubility in silicon is very low [4] . Therefore the Pb transport through the silicon bulk could be neglected as compared with Pb surface diffusion.
Usually to prepare a diffusion source a metal strip was deposited on the silicon surface at RT [1] [2] [3] . In the case of Pb the propagation of the diffusion front on silicon surface could be detected even at room temperature. Therefore the present experimental procedure differed from what we have used before. We deposited a Pb strip on a sample surface kept at a certain fixed temperature T . After a lapse of time t the annealing of the sample was stopped and the C P b (x) concentration distributions were measured (x is the distance from the edge of Pb strip).
To measure correctly the Pb diffusion coefficients one needs to have a source of Pb atoms of constant strength, that is, the concentration of Pb in a strip should not decrease considerably during annealing. In our experiments the C P b (x, t) concentration at x = 0 remained constant at fixed temperature and did not depend on the time of annealing. Therefore we can state that our Pb source could be treated as a constant strength source.
We have found that the direction in which direct current passes strongly influences the shape of the C P b (x) concentration distribution. This effect was attributed to electromigration of Pb atoms. The diffusion front was moving to the negative junction. That is, Pb atoms had positive effective charge. We have also found that the direction of the alternating current influences the shape of the diffusion front. If the direction of the alternating current coincided with that of the diffusion front movement then the boundary of the C P b (x) concentration distribution was rough (Fig. 1a) . This effect was most promi-nent on the Si(100) surface in the temperature range of 150-250 o C. If the direction of the diffusion front movement was perpendicular to that of the passing alternating current then the front was smooth (Fig. 1b) . We could not explain this phenomenon. To exclude this effect we deposited the Pb strip as shown in Fig. 1b and measured the concentration distribution in the direction that was perpendicular to that of the alternating current.
The typical Pb concentration distribution C P b (x) on the Si(111) surface after annealing for 30 minutes at a temperature of 300 o C is shown in Fig. 2 . LEED data show that the HIC-Pb (HIC is Hexagonal InCommensurate) [15, 16] surface structure is formed within the bounds of the distribution. The HIC-Pb structure consists of ordered domain walls of the √ 3 × √ 3-Pb surface structure and could be designated alternatively as √ 31 × √ 3-Pb [17] . The C P b (x) distribution has a sharp boundary. Such a shape of the distribution suggests that the lead diffusion proceeds by the mechanism of solid-phase spreading with a sharp moving boundary also known as the "unrolling carpet" mechanism [18] . This mechanism takes place if the diffusion coefficient D clean of atoms of the substance that spreads over the clean substrate surface is much smaller than the coefficient D of the diffusion over the surface phase induced by this substance at the substrate. In this situation the atoms of the substance included in the surface phase remain stationary. Propagation of the diffusion front occurs as follows. The diffusing atoms migrate over the surface phase. When the atoms reach the diffusion front they react with the clean surface and form the induced surface phase. Thus the surface area occupied by this structure is increasing.
The problem of diffusion from a constant-strength source according to the mechanism of solid-state spreading has been solved [19, 20] for the limiting case when the coefficient of diffusion over the clean surfaces is equal to zero. The Pb concentration distribution at time t is given by
Here C p is the concentration of Pb in the Pb induced surface phase; x is the distance from the border of a Pb strip; C op is the concentration of the Pb atoms that are diffusing over the Pb induced surface phase; C 0 op is the C op at x = 0; t is the diffusion duration; ξ is the diffusion-front position; and q is a constant determined by solving the equation:
It is easy to check that the Pb concentration is C P b = C 0 op + C p at x= 0 and C P b = C p at x = ξ. Equation (3) could be solved numerically.
To calculate the Pb diffusion coefficient we measured the parameter C 0 op C p at every fixed temperature and the position of the diffusion front as a function of time. The temperature dependence of the Pb diffusion coefficient on the Si(111)-HIC-Pb surface is shown in Fig. 3 . This dependence could be expressed as D P b/Si(111) = 1.14 × 10 3 exp(-0.8 eV/kT ) cm 2 /s. Extrapolating the dependence D(T ) to RT one can obtain that the diffusion coefficient D P b/Si(111) on the Si(111)-HIC-Pb surface structure is about 10 −8 cm 2 /s at room temperature. This value is several orders of magnitude higher than the Pb diffusion coefficient on clean Si(111)-7×7 at a temperature close to RT [5] . Therefore the necessary condition for diffusion via the solid-state spreading mechanism D ≫ D clean is fulfilled.
The Pb concentration distributions on the (100) and (110) surfaces are similar to those obtained for the (111) surface (Fig. 2) . So the Pb transport along these surfaces also proceeds via the mechanism of solid-state spreading with a sharp moving boundary.
Lead induces 2×2, c(4×8), 4×1, 2×1 and c(4×4) surface structures at room temperature as the Pb coverage increases. These structures were observed by means of LEED and STM in Refs. [9, 11, 14] . In Ref. [21] the 2×3 surface structure was observed by STM on the surfaces of the islands formed after the adsorption of 0.5 ML of lead on Si(100) at room temperature.
In our experiments we observed a change of the Si(100) surface structure during the sample annealing at 350 o C in the following order: 2×1-Pb, c(4×8)-Pb, 2×3-Pb, and finally the structure of the clean surface Si(100)-2×1. The change of surface structure is due to lead desorption from the silicon surface which takes place at temperatures higher than 300 o C [14] . The Si(100)-2×3-Pb surface structure was observed by LEED for the first time. The diffraction pattern of this structure is shown in Fig. 4 .
The 2×1-Pb surface structure forms on a Si(100) surface within the bounds of the Pb concentration distributions [9, 11, 14] . The temperature dependence of the Pb diffusion coefficient on the Si(100) surface could be expressed as D P b/Si(100) = 3.60×10 −3 exp(-0.2 eV/kT ) cm 2 /s (Fig. 3) .
The Pb induced and 5b. The correlation between the structure of the Si(110) surface, Pb coverage Θ P b and annealing temperature T is shown in Fig. 5c . The 4×2-Pb surface structure forms on a Si(110) surface within the bounds of the Pb concentration distributions. The temperature dependence of the Pb diffusion coefficient on the Si(110) surface is shown in Fig. 3 . This dependence could be expressed as D P b/Si(110) = 0.13 exp(-0.5 eV/kT ) cm 2 /s.
Conclusion
It was established that the surface diffusion of Pb on clean Si surfaces occurs via the mechanism of solid-phase spreading with a sharp moving boundary. The temperature dependence of the Pb diffusion coefficients on Si(111), (100) and (110) surfaces were measured in the temperature range from 100 to 300 o C. The Si(110)-4×2-Pb surface structure has been observed for the first time. The ranges of Pb concentrations and temperatures at which this structure forms have been determined. 
